Introduction
Magnetite (Fe 3 O 4 ) is one of the most investigated transition-metal oxides for its magnetic and electric properties. In the latter case, studies were mainly focused on the Verwey transition at 127K. Recently, the transport properties of electron correlation system, including transition-metal oxides, has attracted great attention and numerous studies have been made. As for the thermoelectric properties, layered cobalt oxide (Na x Co 2 O 4 ) (1) and titanium dichalcogenide (TiS 2 ) (2)(3) are among them for their high Seebeck coefficients and relatively low electrical resistivities. Magnetite is a heat resistant transition metal oxide, composed of nontoxic elements with high Clark number, and thus, has a potential for thermoelectric-generation material operated at higher temperature. There have been studies of thermoelectric properties of Fe 3 O 4 single crystal and the effects of Mn (4) , Ti (5) and Ni (6) (7) substitutions. However, the study on the thermoelectric properties of sintered magnetite is very few. In the present study, electrical resistivity and Seebeck coefficient of magnetite and the Mn and Ni substitution effect were investigated on sintered materials, aiming at the use for thermoelectric generation.
Experimental
Samples were prepared by sintering in pellets with 13mm diameter and 1mm thickness. The starting materials were 99.9% Fe 3 O 4 , Mn 3 O 4 and NiO powders. Powders with nominal content were mixed and pressed with 100 MPa for 15 min and sintered in 1 atm Ar atmosphere for 10 hours.
The XRD pattern showed that the sintered samples were single phase cubic spinel up to the substitution content x=0.4 in (Mn 2/3 Ni 1/3 ) x Fe 3-x O 4 , and the gradual 2θ shift of the XRD signal with increasing x manifested that the mixed Mn and Ni were substituted for Fe. Electrical resistivity was measured by standard four probe method. The thermoelectric voltage was measured using the two Pt wires of the Pt-PtRh13% thermocouples, in contact with sample, used for temperature difference measurement. Both measurements were carried out simultaneously in the temperature range 100～700℃ under a low residual pressure of about 100 Pa.
Methods and Results
The numbers of 3d electrons in Mn
2+
, Fe 2+ and Ni 2+ are 5, 6 and 8, respectively. Thus, the simultaneous substitution of Mn and Ni for Fe with content ratio 2:1 preserves the 3d-electron concentration in magnetite. The recent band calculations (8) showed that the Fermi level (E F ) of magnetite lies on the lower position of minority-spin B-site band, which is overlapped with the top part of minority-spin A-site band. In Co and Ni ferrites, Co 2+ and Ni
ions occupy the minority-spin B-site band, similar to the Fe 2+ in magnetite (9) (10) , whereas in Mn ferrite, Mn 2+ ions occupy the minority-spin A-site band (11) . Assuming that the partially substituted Ni 2+ and Mn 2+ ions occupy the same site as in each ferrite, Ni 2+ ions act directly as scattering centers to the electrical transport which occurs in the B sites, whereas Mn 2+ ions occupying the A sites will act indirectly. As for the thermal conduction, both randomly substituted Mn 2+ and Ni 2+ in A site and B site, respectively, act as the phonon scattering center. In order to investigate the thermoelectric properties of samples with the same 3d-electron concentration as in magnetite, and with increased lattice randomness due to the substitution, samples (Mn 2/3 Ni 1/3 ) x Fe 3-x O 4 with x=0, 0.4, 0.8 and 1.2 were used for the measurements. The inclusion of lattice randomness due to the substitution, as well as the grain boundary, will lower the thermal conductivity κ, and thus, yields a higher value of thermoelectric figure of merit Z=S 2 /ρκ. Figure 1(a) shows the temperature dependences of electrical resistivities (ρ) of magnetite for various substitution contents of Mn and Ni. The value of ρ for ferrite (x=0) in this study was higher than those reported for single crystals by factor 1.2～1.4 (5) or 1.5～1.8 (6) in the temperature range 200～500℃. As shown in Fig.1 , ρ remains almost unchanged for x=0.4 from that for x=0, whereas, ρ for Ni substituted single crystal with x=0.4 (6) increased by factor 2～5 compared with that for x=0. Thus, for samples with x=0.4, ρ of our samples became lower that for Ni substituted (6) . Figure 1(b) shows the temperature dependences of Seebeck coefficients (S) for various substitution contents. The S for magnetite (x=0) was 53 µV/K at 200℃ and 89 µV/K at 700℃ in our samples, compared with those for single crystal 61 µV/K and 100 µV/K at respective temperatures (6) . This result, together with that in ρ, indicates that the electrical transport in sintered magnetite are not influenced notably by the grain boundary.
With increasing the substitution content x to 1.2, S increased and it attained to 200 µV/K in the temperature range 500～600℃. previously reported (6) , it was 0.91 µW/K 2 cm at 200 ℃ and 1.67 µW/K 2 cm at 700℃.
Discussion and Summary
Thus, the power factor of the sintered material with x=0.4 was about 80% of that for single crystal magnetite over the measured temperature range.
Taking into account of the factor that the inclusion of grain boundary and the lattice randomness by substitution will lower the thermal conductivity (κ) from that in single crystal, the thermoelectric figure of merit Z of the sintered material is expected to exceed that for the single crystal.
At present, the most popular thermoelectric oxide material under investigation above room temperature is Na x Co 2 O 4 and related materials. In those materials, typical value of power factor is of order 1 µW/K 2 cm with ρ less than 10 mΩ・cm and S of about 100 µV/K. The result of present study is near to this value. Thus, a more comprehensive investigations on sintered magnetite and related materials are expected to be carried out. 
